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Abstract

Many studies have examined the stoichiometric lengths of laminar gas jet diffusion flames. However, these
have emphasized normal flames of undiluted fuel burning in air. Many questions remain about the effects
of fuel dilution, oxygen-enhanced combustion, and inverse flames. Thus, the stoichiometric lengths of 287
normal and inverse gas jet flames are measured for a broad range of nitrogen dilution. The fuels are methane
and propane and the ambient pressure is atmospheric. Nitrogen addition to the fuel and/or oxidizer is found
to increase the stoichiometric lengths of both normal and inverse diffusion flames, but this effect is small
at high reactant mole fraction. This counters previous assertions that inert addition to the fuel stream has a
negligible effect on the lengths of normal diffusion flames. The analytical model of Roper is extended to these
conditions by specifying the characteristic diffusivity to be the mean diffusivity of the fuel and oxidizer into
stoichiometric products and a characteristic temperature that scales with the adiabatic flame temperature and
the ambient temperature. The extended model correlates the measured lengths of normal and inverse flames

with coefficients of determination of 0.87 for methane and 0.97 for propane.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Laminar gas jet diffusion flames have been
widely studied for both fundamental and practical
reasons. To design burners and experiments, and to
validate numerical models, it is helpful to under-
stand the stoichiometric length behavior of these
flames [1-7]. The burning of diluted fuels in ambi-
ents other than air has applications to exhaust-gas
recirculation combustors, oxygen-enhanced com-
bustion, and fire safety [5,8-13].
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The effects of reactant dilution on stoichiomet-
ric lengths (L) of normal diffusion flames (NDFs)
are not fully understood. McEnally and Pfefferle
[2] found L, increased monotonically as diluent
was added to the fuel. In contrast, some experimen-
tal [14] and modeling [14,15] studies found L;, to
be independent of diluent addition to the fuel. Oxi-
dizer dilution was experimentally found to increase
L [5]. None of these studies considered highly di-
luted fuels or oxygen enrichment.

Schug et al. [8] concluded from their experi-
ments that “flame height ... is strictly proportional
to the volumetric fuel flow rate and not to the
total rate of fuel plus additive.” This claim was
also published in other papers co-authored by
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Fig. 1. (a) Color image of the test apparatus. (b) Schematic of the IDF tests. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).

Glassman. However, the flame heights measured
in Ref. [8] were luminous lengths of sooty flames.
Furthermore, subsequent experiments found in-
ert addition could either reduce [16] or increase
[17,18] luminous flame lengths.

Inverse diffusion flames (IDFs), where the ox-
idizer is surrounded by fuel, are less common in
research and in applications. However, they are
equally important from a fundamental perspective
and can be studied with many of the same diag-
nostics, theories, and numerical models [19-22]. To
date the greatest research interest in IDFs has in-
volved their soot formation behavior [23-25] and
shapes [6,22,26-29]. Little has been published con-
cerning the effects of dilution on the lengths of
IDFs. Two experimental studies [6,7] found the L,
for IDFs to increase when nitrogen was added to
the oxidizer, and Lee et al. [3] found it to increase
with fuel stream dilution. All three studies involved
a small range of dilution.

The analytical model of Roper [30,31] has been
used to predict Ly of NDFs [5,28,32] and IDFs
[6,27,28] with various burner geometries and fuels.
Although these have been generally successful, no
attempt has been made to apply the Roper model
to NDFs and IDFs across a wide range of dilution
conditions.

In this study, the Ly of normal and inverse
steady laminar gas jet diffusion flames are mea-
sured. The fuels are methane and propane and the
inert is nitrogen. A wide range of dilution is consid-
ered for both the fuel and the oxidizer. The Roper
model is extended to these conditions, allowing for

proper consideration of gas properties, and the re-
sults are compared with the measurements.

2. Experimental

Tests were performed using a co-flow burner
and chimney, as shown in Fig. 1a. The burner’s in-
ner port was stainless steel with an inside diameter
of 2.9mm, an outside diameter of 4.2 mm, and a
blunt tip. The outer tube was brass with a diameter
of 102 mm and its flow was conditioned with a ce-
ramic honeycomb. The glass chimney was 155 mm
long with an inside diameter of 100 mm. The top
of the chimney was sealed with aluminum foil with
a 15mm round hole on axis. Ignition was accom-
plished with a NiCr wire, which was withdrawn af-
ter ignition. For IDFs, a secondary flame was ig-
nited above the chimney, as shown in Fig. 1b, to
eliminate unburned fuel. This flame had no effect
on the primary flame inside the chimney.

The gases were CHy (99.99%), C3Hg (99.5%),
0, (99.994%), and N, (99.998%). Ambient condi-
tions were 1.01 bar and 25 °C. The gas flow rates
were controlled with metering valves and measured
with calibrated rotameters. Uncertainties in the
flow rates are estimated at £+ 5%. The reactant and
nitrogen flow rates were varied as widely as possi-
ble. Such variation was limited by flames shorter
than 6 mm, flames whose tips approached the top
of the chimney, flames that were lifted more than
1 mm, flames that flickered, and flames with too
much soot to reasonably identify where the blue
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Fig. 2. Stoichiometric flame lengths for methane predicted by the Roper model, Eq. (1), in terms of burner reactant mole
fraction for (a) NDFs and (b) IDFs. For these plots 7y = 1500 K, To =293 K, and Dy =20 mm?/s.

flame zone crosses the flame axis. The ambient re-
actant flow rate was maintained at a minimum of
five times stoichiometric and the flame height was
found to be independent of ambient gas flow rate.

The flames were imaged with a digital color
camera (Nikon D100). Shutter times (0.66-300 ms)
were selected such that the brightest region in each
image was slightly below saturation. The front of
the lens was 40 cm from the flame axis and the opti-
cal axis was 50 mm above the burner port. To avoid
gamma corrections, flame images were saved in un-
compressed Nikon-specific format, and converted
to tif format by Dcraw. With the exceptions of “—4”
and “~ T,” only default settings were used. Imagel
was used to obtain the red, green, and blue (RGB)
intensities, from which grayscales were calculated
as their average. Stoichiometric flame lengths were
defined as the height above the burner tip of the
highest grayscale intensity along the axis [5,27].
This agreed with visual determinations based on
the center of the blue flame zone. Uncertainties in
the measured L, are estimated at & 10%. Several
flames were imaged with a CH filter in front of
the camera, but this complicated differentiating be-
tween blue and yellow emissions.

3. Analytical

Roper [30] developed an analytical model of
mixture fraction distribution in steady laminar gas
jet diffusion flames. His key assumptions were those
of: equidiffusion of momentum, heat and mass
(Sc=Le=1); negligible axial diffusion; constant
temperature and diffusivity near the reaction zone;
and equal moles of reactants and products. This
model predicts that the stoichiometric length of a

diffusion flame on a circular burner is given by

Ly goper/Q = [4nD,In (1 + 1/ S17N(T, / T/)",

(M

where D, is the characteristic diffusivity of the gas
mixture at ambient temperature Ty; Q is the volu-
metric flow rate of the burner gas (at ambient con-
ditions); S'is the ratio of the volume of ambient gas
to the volume of burner gas for stoichiometric com-
bustion; and T is the characteristic temperature for
mass diffusion. As examples, methane NDFs and
IDFs have S=2 Xcy,/Xo, and the inverse of this,
where X is the reactant mole fraction in the supply
stream.

Roper et al. [31] calibrated Eq. (1) using mea-
sured lengths of approximately 64 NDFs burning
various fuels, nearly all of them in air. These lengths
were determined from measurements of CO and
soot concentrations, which may not accurately rep-
resent stoichiometric flame lengths. This calibra-
tion yielded 7y = 1500 K and D, = 20 mm?/s (which
is the binary diffusivity of O, into N, at 293 K).

Figure 2 illustrates the effects of inert addition
on the L, predicted by Eq. (1) for methane NDFs
and IDFs. These plots include Qcy, and Qo,, de-
fined as Qcu, = QXcu, and Qo, = Q0 Xo,. As
shown in Fig. 2, Roper’s theory predicts that L
increases with inert addition to the burner and/or
ambient gas for both NDFs and IDFs. However,
this effect is small for high reactant mole fraction.
For example, a methane/air NDF will have a small
length increase when the fuel is diluted (at constant
methane flow rate) and a large length increase when
the air is diluted. As shown by Ref. [5], the trends
seen in Fig. 2 are also predicted by the analytical
models of Altenkirch, Spalding, and Villermaux.
These trends are counter to past claims that inert



1550 Z. Wang et al. | Proceedings of the Combustion Institute 37 (2019) 1547-1553

(a) NDF
—— Greyscale
Green

— Red . 8
—— Blue

o
- 1N
i 12
Lo = — 150

1 0

Intensity (a.u.)

Height (mm)

(b) IDF
—— Greyscale
—— Red

10 15 20

Height (mm)

5

Intensity (a.u.)

Fig. 3. Representative methane flame images and intensity profiles, in arbitrary units. (a) An NDF with riscy, =2.93 mg/s,
Xo, =1, and Xcy, =0.23. (b) An IDF with ri1p, = 6.77 mg/s, Xcu, =0.29, and Xo, =0.82.

Table 1

Binary gas diffusivity Dy_; (mm?/s) of species k into
species j at 1.01 bar and 298 K, found from the Lennard-
Jones potential equation using the gas properties of Reid
et al. [34].

Species j
N> CO, H,O
CHy 21.9 16.6 14.9
Species k C;3Hg 11.3 8.0 9.7
(0)) 20.4 15.2 21.0

addition to the burner gas has a negligible effect
on stoichiometric flame length [14,15]. These stud-
ies involved burner gas mole fractions of 0.4 — 1,
which may have been too high for a significant ef-
fect (see Fig. 2).

The above values for T, and D, do not fully
account for changes that occur when the reac-
tants, diluents, or dilution levels change signifi-
cantly. Thus the Roper model is extended here by
considering more robust definitions of Ty and Dy.
For this it is assumed that the characteristic diffu-
sivity in gas jet diffusion flames is that of reactants
(here O, and CH,4 or C3Hg) into the stoichiometric
products (here H,O, CO,, and N,). The mass diffu-
sivity of reactant k into the product mixture is [33]:

1 — X

e B — 2
Yoo X;/Dij

Dk—prods =

where Dy is the binary diffusivity of species k and
Jj- The individual binary diffusivities are shown in
Table 1.

It is further assumed that the fuel and oxidizer
contribute equally to the characteristic mass diffu-
sivity, i.e.,

Dy = O-S(Dfuclfprods + DOZ—prods) (3)

This differs from previous studies of NDF
lengths where either fuel diffusivity [1,35] or oxi-
dizer diffusivity [31] was assumed to control L.

Following past work [27,28], the characteristic
temperature for mass diffusion in diffusion flames
is assumed to be

Tf =T +a(Tad - ﬂ))v (4)

where T,,1s adiabatic flame temperature and « is an
empirical factor to be found below. This is the only
calibration factor in this extension of the Roper
model.

4. Results and discussion

Figure 3 shows representative images of an
NDF and an IDF. The NDF has a thin blue flame
sheet surrounded by blue haze and has no visible
soot. The IDF has a much thicker blue stoichio-
metric contour and yellow soot is visible outside
and above this. RGB and greyscale intensity pro-
files along the axis are plotted. For each flame, the
four profiles reach their peaks at the same height.

Figure 4 demonstrates the effects of nitrogen
addition to the burner gas. Figure 4a shows a
sequence of representative NDFs with constant
methane mass flow rate (riich,) and Xo,. At
constant ricy,, the stoichiometric flame length
increases with nitrogen addition to the fuel, in
agreement with the observations of McEnally and
Pfefferle [2]. Figure 4b presents a sequence of repre-
sentative IDFs with constant 1o, and Xcp,. Again,
L,, increases with nitrogen addition to the burner
gas when the burner reactant flow rate is constant.
Consistent with Fig. 2, these increases in L, dimin-
ish with increasing burner reactant mole fraction.

A total of 174 NDFs and 113 IDFs were ob-
served, as summarized in Fig. 5 and Table 2. The
conditions sought to include the broadest pos-
sible range of reactant mole fractions, adiabatic
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Fig. 4. Color images of representative methane diffusion flames. (a) shows NDFs (riicy, =2.97 mg/s and Xo, =0.5) and

(b) shows IDFs (710, = 6.77 mg/s and Xcp, = 0.48). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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Fig. 5. Test matrix of (a) methane and (b) propane jet diffusion flames. The dashed curves denote constant 7.

Table 2
Summary of the test matrix.

CH4

C;3Hg
NDF IDF NDF IDF

Number of flames 152 96 22 17
Xtuel 0.13-1 0.19-1 0.08-1 0.22-1
Xo, 0.1-1 0.26-1 0.16-0.66 0.28-0.48
N 0.27-10.58 0.14-4.99 0.83-28.98 0.06-0.36
Dy (mm?/s) 17.87-19.87 17.98-19.85 13.25-14.93 12.73-15.00
Tt (K) 1587-2227 1605-2212 1563-1990 1733-2085
Taq (K) 2050-2920 2080-2900 2019-2600 2257-2753
My (Mg/s) 0.35-4.39 4.02-9.01 0.46-4.57 3.62-6.05
Lt meas (mm) 6.4-60.9 6.02-45 11.3-64.1 6.1-16.3
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Fig. 6. Flame length measurements compared to the extended Roper model predictions for (a) methane and (b) propane.
Previous results are also shown, but are not included in the determinations of R2.

flame temperatures, burner gas flow rates, and mea-
sured stoichiometric lengths (Ls meas)- The propane
NDFs have a narrower range of Xo, than those
of methane, owing to soot interference. Figure
5 shows the reactant concentrations for which
Refs. [2,5,36] measured L, and these span a much
smaller range.

Parameter « from Eq. (4) was optimized by
maximizing the coefficient of determination in
plots of modeled versus measured L. Its opti-
mized value was found to be o =0.735, which is
within the range of 0.3-1 found previously for
fuel/air NDFs and IDFs [27.28].

The ranges of D, and Ty are shown in Table 2.
For all these flames D, is lower than the Roper et al.
[31] value of 20 mm?/s, and T7 is higher than their
value of 1500 K. For the present test matrix, Q and
S are the key factors in predicting L. This is be-
cause they vary much more widely than do D, and
Ty (see Table 2). Thus, at constant burner reactant
flow rate, diluent addition increases L,, primarily
by changing Q and/or S, although Ty and D, also
contribute.

The measured flame lengths are compared with
the extended Roper model predictions in Fig. 6.
The predictions generally agree with the measure-
ments, with R? coefficients of determination of
0.87 and 0.97 for methane and propane. The scatter
in these plots is attributed to experimental error
and the assumptions made by the Roper model.

The original model of Roper et al. [31] (pred-
icated on T;=1500K, 7T,=293K, and
D, =20 mm?/s), which is not plotted here, yields
correlations with R? of 0.83 and 0.85 for methane
and propane. This difference is small for methane,

which was the fuel used most in the Roper et al.
[31] tests, but is significant for propane. Evidently
the original Roper model is valid for methane
NDFs and IDFs with nitrogen dilution, but the ex-
tended model is more robust for fuels like propane
with diffusivities different from methane’s.

The extended Roper model predicts stoichio-
metric lengths best when the fuel and oxygen mole
fractions are between 0.3-0.7, but it overestimates
(and underestimates) lengths at higher (and lower)
reactant mole fractions. Consistent with this, the
measurements of Refs. [2,5,32,36] are above the fits
in Fig. 6 and those of Ref. [27] are generally below
the fit. These trends arise because the Roper model
does not account for radiative losses (e.g., by de-
creasing Ty), which generally increase with increas-
ing reactant mole fractions.

Conclusions

The stoichiometric lengths of 174 normal and
113 inverse jet diffusion flames were measured. The
ranges of conditions were as wide as possible, and
far wider than in past work. Reactant dilution in-
creased the stoichiometric lengths of both NDFs
and IDFs when burner reactant flow rate was con-
stant, although this effect was small for high reac-
tant mole fractions. This counters past assertions
that inert addition to the burner reactant has a neg-
ligible effect on flame length.

The analytical model of Roper for stoichiomet-
ric flame length predictions was found to hold for
normal and inverse diffusion flames over a wide
range of conditions. An improved property model
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is proposed to improve generality and accuracy, es-
pecially for fuels with diffusivities different from
methane’s. The characteristic diffusivity of the gas
mixture was taken to be the average diffusivity of
the fuel and oxygen into the stoichiometric prod-
ucts. The characteristic temperature was set em-
pirically to 0.735 times the adiabatic temperature
plus 0.265 times the ambient temperature, which
is the only calibration factor used in the model.
The extended Roper model reproduces the mea-
sured lengths reasonably well.
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